ABSTRACT
Results: Normal CD34-positive blasts show a characteristic pattern of CD13/HLA-DR expression, with three readily identifiable subpopulations. In contrast, myeloid neoplasms frequently show loss of this heterogeneity.

Conclusions: Analysis of a limited antibody panel with a focus on CD13/HLA-DR expression provides relatively high specificity and sensitivity for the detection of myeloid neoplasms.
Chronic myeloid neoplasms (myelodysplastic syndrome [MDS] , myeloproliferative neoplasms [MPNs] and myelodysplastic/myeloproliferative neoplasms [MDSs/ MPNs]) are hematopoietic stem cell disorders with variable pathology, clinical presentation, and prognosis. MDS is characterized by maturational abnormalities resulting in blocked differentiation, peripheral blood cytopenias, and an increased risk for developing acute myeloid leukemia (AML). According to the World Health Organization, the diagnosis and classification of MDS are based on a mixed set of parameters, including morphologic features of dysplasia, percentage of blasts, clinical presentation, and cytogenetic findings. 1 With the exception of cytogenetic findings, all of the diagnostic parameters show high interobserver variability, therefore underlining a need for additional diagnostic tools.
Dyspoietic cells often show aberrant patterns of antigen expression, compared with their normal counterparts. 2 Maturation patterns of bone marrow hematopoietic precursors, Upon completion of this activity you will be able to:
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analyzed with flow cytometry immunophenotyping (FCIP), have been increasingly used as an adjunctive evaluation tool in distinguishing normal from dysplastic maturation. [3] [4] [5] [6] [7] [8] [9] [10] However, FCIP for MDS also has many limitations preventing it from routine clinical use: (1) no single antigen expression is diagnostic, (2) different research groups use different sets of markers and/or reagents with poor interlaboratory reproducibility, (3) the clinical usefulness of FCIP is uncertain because most studies examine only specimens with morphologically and/or cytogenetically obvious dysplasia, and (4) analytic approaches vary from looking at differentiated myeloid cells to others that focus on blast populations. Most approaches for distinguishing normal from dyspoietic myeloid maturation use a large number of antibodies, combined with either a point-based system for defining the level of abnormality, 3, 11 or a specialized analytic software for multidimensional data analysis. [12] [13] [14] While validating an FCIP approach for MDS in our laboratory, we have observed interesting patterns of expression of CD13 and HLA-DR on CD34-positive blasts. The pattern seen in the normal CD34-positive population is missing from the majority of patients with chronic myeloid disorders. This finding could be particularly useful for laboratories that do not have access to large antibody panels and/or specialized software, as well as for laboratories that do not routinely analyze a sufficient number of abnormal specimens. It may also be a more cost-effective approach in the current era of cost awareness and declining reimbursements.
Materials and Methods
Patient Population and Sampling
The initial set of bone marrow samples included aspirates from 18 patients with MDS, five patients with MPN, nine patients with MDS/MPN (of whom five had chronic myelomonocytic leukemia, four patients with leftshifted granulocytic hyperplasia due to granulocyte colonystimulating factor (G-CSF) administration (before autologous peripheral blood stem cell transplantation for malignant lymphoma), and nine normal controls (patients undergoing hip replacement surgery without prior hematologic disease). The validation set included bone marrow aspirates from 99 consecutive patients undergoing bone marrow examination as requested by the Mayo Clinic Rochester (Rochester, MN) clinical hematology services. The samples were collected in ethylenediaminetetraacetic acid anticoagulant and processed within 24 hours of collection. FCIP was not used in determining the final pathologic diagnosis for any of the patients. All procedures were approved by the institutional review board.
FCIP
Samples were examined with FCIP using a single eightcolor tube (CD13-PE, CD15-V450, CD16-APC-H7, CD33-PE-Cy7, CD34-PerCP-Cy5.5, CD45-V500, HLA-DR-FITC, and CD117-APC). All the antibodies were purchased from BD Biosciences (San Jose, CA) and the clone data are listed in ❚Table 1❚. A total of 300,000 events were collected per case. The data were analyzed using Kaluza software (Beckman-Coulter, Brea, CA) and/or Diva software (BD Biosciences). Briefly, all events were displayed on CD45/SSC plot and four gates were drawn based on the pattern (lymphocytes, monocytes, granulocytes, and blasts). Monocytes and granulocytes were further defined by back-gating on populations expressing bright CD33/moderate CD15 (monocytes), and dim CD33/ bright CD15/variable CD16 (granulocytes). Promyelocytes were defined by bright CD13, CD33, and CD117 expression, with absence of CD34 expression. Blasts were defined by CD45/side scatter plot and CD34 expression ❚Image 1❚. Two hematopathologists (D.J. and P.L.N.) independently assessed FCIP dot plots and interpreted CD13/HLA-DR patterns as normal, abnormal, or indeterminate.
Statistical Analysis
Data from the validation set were analyzed using the Fisher exact test for count data.
Results
We first analyzed the expression of CD13 and HLA-DR in bone marrow specimens obtained from hematologically normal donors (patients undergoing hip replacement). When CD34-positive blasts from normal controls are displayed on CD13/HLA-DR plot, three readily identifiable subpopulations can be seen: CD13bright/HLA-DRbright, CD13moderate/HLA-DRdim, and CD13negative/HLADRmoderate (Image 1C and ❚Image 2❚). This specific pattern was observed in all nine normal controls. In a separate experiment, using multiple tubes and an expanded panel of antibodies (including CD71, CD14, CD36, CD64, and CD19), it appears that CD13bright/HLA-DRbright, ❚Image 2❚ Distinction between normal and abnormal blast expression pattern of CD13/HLA-DR. A, Three normal bone marrow specimens. B, Three bone marrow specimens from patients treated with granulocyte colony-stimulating factor. C, Three bone marrow specimens from patients with myelodysplastic syndrome and less than 5% blasts. CD13moderate/HLA-DRdim, and CD13negative/HLADRmoderate cells correspond to granulocytic/monocytic precursors, immature nondifferentiated blasts, and lymphoblasts, respectively (data not shown).
Compared with the normal pattern of CD13/HLA-DR expression (Image 2A and ❚Figure 1❚), the majority of patients with MDS (16/18, 89%) had an abnormal CD13/HLA-DR expression on the CD34+ blasts (Image 2C and Figure 1) . The most common abnormality was concentration of blasts in a single cluster, with the concomitant loss of normal scatter and subpopulations. These abnormalities were not present in patients with left-shifted granulopoiesis because G-CSF administration showed either a normal pattern CD13/HLA-DR expression or loss of the CD13moderate/HLA-DRdim immature nondifferentiated blast population (Image 2B and Figure 1) .
In addition to patients with MDS, aberrant patterns of CD13/HLA-DR expression were identified in three (60%) of five patients with MPN and seven (78%) of nine patients with MDS/MPN (Figure 1 ). The increasing proportion of CD13/HLA-DR abnormalities in patients with MPN, MDS/MPN, and MDS, respectively, appears to correlate with the level of dyspoiesis, or ineffective maturation, present in these disorders.
To confirm the specificity of the CD13/HLA-DR assessment for myeloid disorders, we next analyzed 99 consecutive bone marrow specimens from patients undergoing bone marrow aspiration and biopsy as clinically requested by the Mayo Clinic Rochester clinical hematology services. Of the 99 patients, 12 were excluded from the analysis because of insufficient blast cells present for the pattern assessment (<150 CD34+/CD45dim events of 300,000 total events collected). Of 87 patients available for analysis, 25 were women and 62 were men. The median age was 62 years, and the range was 21 to 92 years. Chromosome analysis and MDS fluorescence in situ hybridization analysis was performed in 54 and nine patients, respectively. Of the 87 patients, 59 (68%) had a history of chemotherapy, and 24 (28%) had previously undergone hematopoietic stem cell transplantation (17 autologous and 7 allogeneic). The 87 patients included 32 with previously diagnosed myeloid neoplasms (11 with AML, 9 with MDS, 10 with MPN, and 2 with MDS/MPN). Forty-eight of 87 analyzed patients had a previous history of nonmyeloid malignancy (staging studies for lymphoid, plasma cell, or nonhematopoietic neoplasms). The remaining seven patients did not have a previous neoplastic diagnosis. Eighty-two of the 87 patients (94%) had less than 5% blasts on FCIP CD34 expression and morphologic assessment. The summary of patients' clinical information is shown in ❚Table 2❚. ❚Figure 1❚ Test set stratified by diagnosis. Patients were initially stratified by the clinical history regardless of the current bone marrow pathology ❚Figure 2❚. An abnormal pattern of CD13/HLA-DR expression on CD34+ blasts was identified in 12 (38%) of 32 patients with the history of myeloid neoplasm and only in one (2%) of 48 patients with a history of nonmyeloid malignancy (P < .001). Of the 7 patients without a previous neoplastic diagnosis, one (14%) also showed abnormal CD13/HLA-DR pattern.
Next, patients were stratified by the presence of the active myeloid malignancy in the current bone marrow specimen ( Figure 2B) . Seventeen of 87 patients had morphologic and/ or cytogenetic findings of a myeloid malignancy; of these, 10 patients (59%) had an abnormal CD13/HLA-DR pattern, and three had an inconclusive pattern. In contrast, only three (5%) of 64 patients without evidence of myeloid malignancy in the current specimen showed abnormal CD13/HLA-DR pattern (P < .001). These three "false-positive" patients included (1) a patient with a recently treated AML with hypocellular marrow without evidence of the disease; (2) a patient with a remote history of treatment for AML without evidence of the disease; and (3) a patient with polyneuropathy and recent significant weight loss. The remaining six patients had bone marrow findings suspicious but not diagnostic for the presence of the myeloid malignancy; one of these showed aberrant expression of CD13/HLA-DR. The sensitivity and specificity of abnormal CD13/HLA-DR pattern for identifying myeloid malignancy was 71% and 95%, respectively.
Discussion
The chronic myeloid neoplasms (MDS, MPN, MDS/ MPN) comprise various stem cell disorders with characteristic clinical, morphologic, and genetic findings. A limited number of acquired genetic abnormalities have been recognized as having diagnostic value. 1 However, in the majority of cases a detailed clinical history and careful morphologic examination of peripheral blood and bone marrow morphology are still the "gold standard" for establishing these diagnoses. The reliance on morphologic features is problematic because often the histologic abnormalities are subtle and can be similar, if not identical, to changes in hematopoietic maturation that can be seen secondary to other factors such as nutritional deficiency or toxin or drug effect. For this reason, the usefulness of ancillary methods, such as flow cytometry and molecular genetic profiling, in making these diagnoses continues to be explored.
FCIP is a powerful technique for analyzing the phenotype of cells in suspension, and is particularly useful in evaluating complex antigen expression patterns, such as those seen in hematopoietic (dys)maturation. Although both blasts and maturing hematopoietic precursors have been used in the evaluation of dyspoiesis, it appears that more reproducible results are obtained when focusing on the blast phenotype. This is in part because blasts are always affected in myeloid neoplasms, whereas different lineages can vary in their display of dyspoiesis; in addition, relatively low antigen stability and high complexity of FCIP patterns on mature hematopoietic cells favor blasts as a target for FCIP analysis in myeloid disorders. Several parameters for evaluation of blasts have been proposed, including expression of nonlineage markers CD7, CD2, CD5, and CD56; variation in levels of immaturity markers CD34, CD117, and CD38; and variation of levels of myeloid markers CD13, CD33, CD15, and CD11b. Although the sensitivity and specificity of individual markers are generally low (best seen as a A B loss of CD38, bright CD117, and CD123 expression), 15, 16 combining multiple markers into a scoring system improves FCIP performance, with sensitivity ranging between 44% and 98%, and specificity between 78% and 100%. 17 There are two approaches in FCIP for myeloid neoplasms (as well as in other FCIP applications): ones that define abnormalities quantitatively using mean fluorescence intensity of individual antigens, 7, 8, 15, 16, 18, 19 and ones that define abnormalities qualitatively, looking at the pattern of expression. 4, 6, 10, [20] [21] [22] [23] [24] [25] These two approaches differ in test performance characteristics and validation requirements. 26 Quantitative approaches have the advantage of being more reproducible because of no interobserver variability, and they are easily automated using specialized software for data analysis 13 ; however, quantitative approaches rely on very stringent specimen and instrument settings and quality control, which is difficult to standardize among laboratories. Qualitative approaches, such as the one presented here, are less conclusive in defining abnormalities. Log differences of 0.5, 0.33, and 0.25 from "normal expression" have all been used to define individual antigen aberrancy. 4, 6, 22 Alternatively, qualitative approaches use a complex pattern of maturation that is visually compared with normal cells, and the score is based on the percentage of cells outside defined areas, with 10% or 20% of cells being used as the cutoff points. 4, 6 Because of the complexity of the hematopoietic maturation patterns, qualitative approaches to FCIP in myeloid neoplasms require intense training and continuous exposure to a sufficient volume of specimens to maintain operator competency. When examined as a whole, the FCIP approaches for detecting MDS and MPN that have been published to date, although powerful, are also highly complex, potentially costly, and difficult to use in routine clinical flow cytometry laboratories.
The recent development of advanced molecular genetic analysis has the potential to change hematology practice by uncovering therapeutic targets and expanding the list of important prognostic markers. 27 However, because of a growing list of putative abnormalities and the complexity of regulatory genetic mechanisms, it is likely that phenotypic analysis of the cells will remain a mainstay of diagnostics for the foreseeable future. Given the limited resources available for routine diagnostic workup, and the emerging standard of practice that incorporates genetic testing in the diagnosis of chronic myeloid neoplasms, there is a need for a simpler approach to the use of FCIP in evaluating myeloid dysmaturation. In this study, we show that a simple twodimensional visual display of CD13/HLA-DR expression on CD34+ blasts may provide a cost-effective alternative to complex multidimensional analyses. It is important to note that while display of CD13/HLA-DR expression on CD34-positive CD45-dim blasts is very simple and reproducible, our analytic tube included additional antibodies (CD15, CD16, CD33, and CD117) that are necessary to correctly identify the various bone marrow cell populations on the CD45/ SSC plot, particularly those that may be "contaminating," or overlapping with, the blast gate. 28 Nevertheless, the simplicity of the qualitative method described in this study should enable a more widespread use of FCIP in the diagnosis of myeloid neoplasms by smaller laboratories. The unique value of this study is in its nonselective inclusion of all cases from a busy academic clinical practice. Importantly, the sensitivity and specificity of CD13/HLA-DR patterns for the presence of active myeloid neoplasm in this study were 71% and 95%, respectively, which is comparable to algorithms using large antibody sets and complex scoring systems.
The limitations of the current study are (1) lack of clinical follow-up for the predictive value of CD13/HLA-DR abnormality, (2) no stratification of MDS entities and no patients with the diagnosis of idiopathic cytopenia with unknown significance, and (3) a single institution experience with subjective definition of a qualitative abnormality.
Although the diagnosis of MDS and other myeloid neoplasms still requires correlation of clinical, morphologic, and cytogenetic findings, emerging evidence shows the usefulness of other diagnostic modalities, including FCIP and molecular genetic testing. Here we describe a simple FCIP method of assessing myeloid dysmaturation. Further studies are needed to establish how this new finding fits with scoring systems of qualitative FCIP and with other laboratory diagnostic tests for myeloid neoplasms.
